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Abstract: Assuming that dark matter (DM) efficiently clusters on various scales we
analyse the possible impact on direct DM searches. For certain sizes and densities of
DM clusters, mutual detector-cluster encounters may occur only once a year or every
several years leading to the apparent failure of individual experiments searching for
DM to discover it. If, however, encounters with Earth size and up to 104 times bigger
clusters occur about once a year, then finding time correlations between events in
different underground detectors can lead to DM discovery.
ar
X
iv
:1
80
7.
00
84
6v
2 
 [h
ep
-p
h]
  2
7 M
ay
 20
19
Contents
1 Introduction 1
2 Smaller clusters 4
3 Intermediate size clusters 8
4 Clusters generating time correlations between different experiments 10
5 Cluster stability and formation 12
6 Conclusion 14
1 Introduction
The quest for dark matter (DM) comprising the galactic haloes and about one quarter
of the cosmological energy density has been a holy grail in particle physics research
for several decades. While the mass density of DM in our region of the galaxy was
inferred from astrophysical observations to be about ρDM ' 0.3 GeV/cm3, the mass
of the individual DM particles envisioned varies over ninety orders of magnitude from
30 solar mass black holes [1] to ultra-light 10−22 eV fuzzy DM [2]. Even restricting
to particles (rather than meso/macroscoptic nuggets [3–6] or stars) there are many
types of DM [7]. These include hot, warm and cold DM, symmetric DM produced
thermally or out of equilibrium, asymmetric DM [8, 9], strongly (self) interacting
massive particles [10, 11], dissipative DM, elementary or composite DM, mirror/twin
DM [12–16], and there are many models of each type.
Some DM particles were independently suggested earlier by efforts to resolve
some problems in the standard model (SM), such as the axion for the strong CP
problem or the lightest supersymmetric particles in supersymmetric (SUSY) models
which addressed the hierarchy problem. In particular, DM particles having masses
around ∼100 GeV and annihilation rates fixed by ordinary weak interactions yield
the correct freeze-out relic densities, i.e. the weakly-interacting massive particle
(WIMP) miracle, and could be most effectively looked for directly via their coherent
interactions with nuclei. Efforts to directly detect such DM particles, produce them
at the Large Hadron Collider (LHC) [17] or find photons, positrons, anti-protons or
neutrinos from their annihilation [18, 19] have so far failed. Very stringent upper
bounds on the nuclear cross sections of WIMPs have been established by direct
detection experiments like PandaX [20, 21], XENON1T [22, 23] and LUX [24]. These
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bounds suggested, more than any other evidence, that the classical WIMP paradigm
should be abandoned, and a much broader range of lighter DM mass is presently
targeted in new experiments [25–27].
It has been proposed that in analogy to the standard sector the dark sector
consists of many components with mutual interactions at various different scales [28],
and that subleading DM components may lead to striking effects [29]. DM may have
such minute couplings to the ordinary sector that it will never be directly detected. In
stark opposition to this, DM particles could have further properties which would help
their discovery if searched appropriately. One particular recent suggestion is that for
a certain range of parameters we can get self-destructing subdominant component
of DM [30]. Upon having nuclear interaction, such DM particles release an internal
energy which is much higher than the ∼ few keV recoil energy. Our present work is
very much in the same optimistic vein.
The new features relevant to the discovery of DM discussed here are connected
with the clustering of DM. The “local” DM density of ρDM ' 0.3 GeV/cm3 inferred
from astrophysical observations of its gravitational effects is an average over a kilo-
parsec size region. This average density persists if the DM is not uniform but is
clustered in mini-galaxies or smaller micro-haloes. Such structures naturally arise in
the down-up scenarios of cold DM structure formation by gravitationally enhancing
primordial density fluctuations [31]. For concreteness, we will phrase the argument
in the context of WIMP searches in the large cryogenic underground experiments
although the basic statistical arguments are independent of the type of experiments
and apply equally well to searches of axion and other DM particles lighter than
conventional WIMPs.
To find the optimal sizes and masses of DM cluster which maximally impact
direct DM discovery, we need to use, in addition to the basic astrophysical informa-
tion on the local DM density of ρDM, various physics parameters of the experiments
directively searching for DM. These include the mass mA,Z of the nuclei involved
(with A and Z respectively the atomic and proton numbers) or the electron mass me
for electronic target, the typical linear size L (or the total mass) of the detector, and
the duration texpt of the experiment. The effects of clustering may be dynamical,
for example the maximization of the recoil energy by matching the target mass and
the assumed DM mass mDM. However, most of the considerations below will be of
simple statistical nature.
The sizes of clusters considered to date vary over a huge range of about 45 orders
of magnitude, starting from bound states of size of 1/mDM which can be 10
−20 cm
to galaxy clusters of O(Mpc) ∼ 1025 cm. Clusters in the range of sizes 1017 cm
and Earth masses M⊕ (mini-halos) all the way up to size of 1025 cm and 1014 solar
mass (galaxy clusters) can naturally form by gravitational enhancement of primordial
density fluctuations [31]. Such large clusters have been extensively discussed in the
literature, and may impact indirect DM detection by enhancing annihilation rates
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inside the cluster. We will not consider these here, as we focus mainly on direct
detection and on asymmetric non-annihilating DM [8, 9].1
In Sections 2, 3 and 4 we address the effect of all clusterings starting with the
small sizes and working our way upwards to larger ones. Before continuing it is
worthwhile to point out the methodology and the new results in this paper:
• Our discussion does not depend on the detailed design of the direct DM search
experiments but only on their final claimed sensitivities. By separating spa-
tially and temporally isolated events with just few keV recoil energy for DM
which elastically scatters from nuclei, the background rejection is so good that
detecting just few, Nmin, “good” events during the texpt ∼ O(year) duration of
the experiments would strongly suggest a DM origin. (In the following we will
often use Nmin ≈ 6). Conversely, not seeing even this small number of candi-
dates for DM collisions imposes upper bounds on the scattering cross sections
of DM with nucleons. These are described by the strong exclusion curves in
the σχN −mDM plane which these experiments keep producing.
• Our working hypothesis, which underlies also the huge experimental effort, is
that the discovery of DM in the Xenon experiments may be just around the
corner and the real mDM and σχN are close to the above mentioned excluded
region. The latter spans “low” (∼ 5 GeV) DM masses with small recoil energies
and high multi-TeV masses with reduced DM flux, both resulting in weaker
bounds on the DM-nuclear cross section relative to the case of optimal WIMPs
of mDM ∼ 100 GeV with the strongest upper bounds on σχN . To breach the gap
and achieve discovery somewhat bigger experiments and/or longer exposures
are then required, or alternatively if clustering happens our suggested search
for time correlations may do it.
• Using the above and purely statistical considerations, we define the “critical
cluster line” separating the two regions where efficient cluster formation does
or does not affect direct search experiments.
The single most important observation is that
• If critical clusters in a wide range of sizes between ∼ 109 cm and 1014 cm exist
and contain a sizable fraction of DM, then just by comparing the times of the
handful of “relatively good events” collected in the present large underground
1Constraints from the non-observation of DM at LHC are not affected by the putative DM
clustering. Also constraints based on the non-observation of energetic neutrinos from annihilation
of DM in the Sun/Earth are not affected as these annihilations build up over a very long period
of DM capture in the Sun/Earth. The same holds true for the recent suggestion to look for traces
of DM interactions that happened over astronomically long time in small crystals in stable mineral
deposits [32].
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experiments located in three different continents could almost immediately lead
to DM discovery.
In Section 4 we will discuss the main new result of our work: the remarkable oppor-
tunity that certain clustering offers for DM discovery by looking for unexpected time
correlations between the events recorded in the underground facilities in different
continents. The clusters required in this case are very special and very different from
the conventional gravitational clustering, and we discuss their stability against tidal
disruption and their formation in Section 5, before concluding in Section 6.
• We also comment on the narrower recoil energy distribution arising when the
DM is clustered, on the likelihood that the small clusters/blobs of interest will
reach the underground detectors, and on the slowing down of the WIMPs via
coalescence into blobs.
2 Smaller clusters
We start with the case of small clusters, defined by having sizes R smaller than the
typical linear size L ∼ O(meter) of present DM detectors. While the composite
DM and blobs/grains of DM belonging in this category have been considered by
many authors, we still briefly review these for completeness. This much simpler case
helps illustrate the important feature which defines for all clusters the regions where
clustering has important effects. Also some points may have been rather poorly
emphasized before or even be actually novel.
To simplify the argument, we assume throughout spherical clusters of radius R
with uniform DM number or mass density inside the cluster, which is enhanced by
a factor E relative to the average ρDM. We further assume the same radius and
enhancement factor for all clusters and that a significant portion of DM is inside
them.
A common important feature of all clusters is that they form prior to the for-
mation of the larger structures and in particular the galaxies. This is quite obvious
for the case of the smaller clusters/blobs that we discuss here as these are governed
by short range forces which are much stronger than gravity. Also the galactic virial
velocities of order v
(galaxy)
Virial ∼ vVirial ∼ 300 km/sec are far larger than the small escape
velocity from the dilute clusters of main interest. This then will impede their forma-
tion at late z < 10 epoches. Assuming that the clusters formed before the galaxy,
the gravitational field of the galaxy and halo will impart to them the same velocity
spectrum peaked around vVirial ∼ 300 km/sec with an approximately isotropic dis-
tribution in the halo rest frame, as it would to individual unclustered DM particles.
Thus the velocity distributions of the clusters will be the same as that of individual
unclustered DM. How and when then can clustering effect direct detection?
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The smallest “clusters” are composite DM, i.e. stable bound state of elementary
particles. The dynamical question of how the cross section of this composite DM
for scattering with ordinary SM particles differ from the sum of cross sections of
the constituents is of some interest and has been discussed in some details [33–35].
Form factor of loosely bound extended composite DM will decrease the net cross
section [36] whereas coherence effects, analog of the A2 factor in spin-independent
WIMP-nuclei scattering, will increase the elastic scattering when the composite’s
size is smaller or equal to that of the experimental target. Since the kinetic energy
of the composites is negligible as compared with their binding, we will view them as
effectively elementary WIMPs.
When the DM number density in the clusters is less than nuclear density, the DM
particles therein scatter incoherently and independently from nuclei in the detectors.
This is most clearly the case for the dilute large clusters of main interest. Also the
small DM - ordinary matter scattering cross sections exclude any shadowing effects
by the different WIMPs in a grain. This along with the identical cluster-unclustered
DM velocity spectra suggest that over a very large range formation of both large and
small clusters will have no effect on the experimental direct DM searches. Indeed if
the DM particle hit our detector singly as in Fig. 1a, or in groups of three particles,
as in Fig. 1b, and 1c, etc, there will be no change in the number or nature of DM-
nuclear collisions, neither in their expected uniform distribution over the running
time of the experiment.
But how far can this continue?
The boundary separating the region in the R−E plane where clustering does or
does not affect the DM detection experiment is fixed in all cases by the same simple
statistical consideration. It corresponds to the case where during the typical running
time of texpt of the experiment only one encounter with a grain (or cloud) happens,
as shown in Fig. 1e. The mass of that critical DM grain is then the total DM mass
flux during a running time texpt through the detector of area A:
Mcritical = ρDM vVirial A texpt (2.1)
which is independent of the mass mDM of the individual DM particles. Using repre-
sentative numbers from the large liquid Xenon experiments with texpt ∼ O(year)
and A ' L2 ' 104 cm2, we find Mgrain ' 3 × 1018 GeV. This corresponds to
R3E ' 2 × 1018 cm3 (see brown strip in Fig. 2) and a total number of DM par-
ticles traversing the detector
Ntotal = 3× 1016 × µ−1 , with µ ≡ mDM/(100 GeV) . (2.2)
Grains much heavier than the above critical mass require far larger detector. An
extreme example is provided by the strange quark or other nuggets [3–6] where
encounters with the whole Earth may generate observable seismic effects [37].
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Figure 1: (a) unclustered individual DM particles collected by the detector of linear
size L = 1 meter. We envision that all DM particles are at rest and only the detector
moves up with a relative velocity indicated by the blue arrow of vvirial ' 300 km/sec.
In reality the DM particles move as well, but since only their velocity relative to
the detector is relevant, this description is adequate. (b) we indicated by circles the
triplets of DM particles which form small clusters, and (c) shows the actual clusters
of DM triplets. The horizontal dots in (d) describe the continuation of this process
where larger and larger clusters are being made. Finally (e) shows the limiting case
where all DM particles which would have been collected in a year form one grain of
the critical mass in Eq. (2.1).
The events generated by critical or larger grains hitting the detector are very
different from those due to single DM interactions in the unclustered case. All the
Nevent ∼ Nmin interactions induced by the one per year grain hit will now happen
while the grain passes through the detector during L/vVirial ' 3×10−6 sec which is a
tiny fraction (' 10−13) of the year. Also the interactions of DM particles within the
grain with nuclei in the detector will be restricted to a cylinder along the direction
of the incoming grain, which is defined once the event number Nevent ≥ 2. The
effective volume of this cylinder piR2eff × L is only a small fraction f ' piR2eff/L2 of
the detector’s whole (fiducial) volume. Here Reff denotes either the radius of the
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Figure 2: The critical region for small clusters defined by ER3 ' 1018±1 cm3 is
indicated by the brown diagonal strip in the left-lower part of the figure. The critical
region for large clusters defined by ER ' 1015±1 cm is indicated by the purple
diagonal strip in the right-upper pat of the figure. The detector and Earth sizes are
also indicated by the horizontal solid black and dashed blue lines. The green part of
the diagonal stripe is the region of prime interest where all the detectors on Earth
jointly encounter the same DM cloud. This leads to coincident events during a time
window of (30− 3× 105) sec.
grain or, when the grain is smaller than the spatial resolution limit of the detector,
the size of the latter resolution limit. For Reff = 1 cm and L = 100 cm, f ' 3× 10−4
is quite small. Furthermore, if ti are the times of consecutive interactions at locations
~ri inside the detector, then all vi = |~ri−~ri+1|/|ti − ti+1| should have a common value
vi = v which is the velocity of the grain. The facts that all the hits are located on
a single line or within a thin cylinder, that the common velocity inferred is about
v ' vVirial ' 300 km/sec, and that this velocity tends to be in the direction of the
“WIMP wind”, help exclude background events due to neutrons or relativistic muons,
and pin down the DM source of the signal.
Some searches for massive milli-charged particles causing multiple ionizations
along their straight line paths have been made [38] and a discovery of such particles
would be equally exciting. Despite some superficial similarities, the nature of the
individual low energy nuclear recoil events in the case of the DM grain would clearly
distinguish between the two different cases.
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Figure 3: The dashed lines indicate the cylindrical portion of the large cluster of
radius R which a detector of size L < R traverses. We refer to this as the cylindrical
overlap region of volume piL2R.
3 Intermediate size clusters
The main difficulty of detecting DM which is inside small grains/blobs of critical mass
is that all the nuclear interactions occur within the very short time while the grain
traverses the detector. Without using all the further information described in the
previous section such an event would be discarded as some background noise. If the
blobs are somewhat heavier than critical, at most one of the three large underground
detectors presently involved in direct search experiments PandaX, XENON1T and
LUX will encounter such a grain in its O(year) running time. Any claims of a
discovery will then be clearly disputed by the other two experimental groups.
The difficulties will be further exasperated if the clusters are not tiny grains but
of size R which approaches the L ∼ 1 meter the size of the detector. In this case
the nuclear recoils will tend to be uniformly spread over the volume of the detector
and no exclusion of background by the collinearity of the recoils is available. Still
some helpful information of the velocity of the parent grain and its direction can be
gleaned from the times of the individual recoils.
We next proceed to clusters which are larger than the detector L. A key difference
relative to the case of small (R < L) clusters is that the border (critical) line of
relevance in the present case is no longer defined by the requirement that the clusters
have the critical mass in Eq. (2.1). The point is that only the WIMPs within the
cylindrical region of volume∼ piL2R shown in Fig 3 which is traversed by the detector
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within the larger DM cluster/cloud can interact. Since the density within the cloud
is EρDM, the total WIMP mass within this region is
Mcylindrical ' piEρDML2R . (3.1)
Demanding that this mass be Mcritical of Eq. (2.1) so as again to allow Nevents ∼ Nmin
nuclear collision per detector-cluster encounter, we find the new condition:
ER = vVirialtexpt ' 1015 cm , (3.2)
which is indicated by the purple strip in Fig. 2. Here we have taken texpt ' 1 year.
We note that since the cross sectional area piR2 of the cloud is (R/L)2 times larger
than that of the detector the probability of our detector encountering any give cloud
is (R/L)2 times larger than that of the critical grain hitting the detector in the
previous case of small clusters. However, the total volume of a new larger cloud is
(R/L)2 times larger than that of the cylindrical overlap region and hence is (R/L)2
times more massive than that of the “overlap region” which, by definition, has the
same mass as critical grain. Since in both scenarios the grains or the clouds have
to contain the same total mass, the number density of the clouds should be (L/R)2
smaller than that of the critical grains in the previous case. The net effect of the
enlarged areas and reduced number of clouds is that we have the same rate of the
new cloud-detector encounters as the rate of critical grain-detector encounters in the
previous case. The condition in Eq. (3.2) will then indeed correspond to having
Nevent ∼ Nmin nuclear collision per year in the detector in the case of large (R > L)
clusters.
In general clustering in the regions above the critical lines tends in both case
of small and large clusters to decrease the prospect that any single direct detection
experiment will discover DM. Indeed, unless the size of the underground detectors
dramatically grows which seems rather unlikely, the blob/cloud encounters with the
detector will become so rare that even running over many years will not suffice to
benefit from the higher concentration within these clusters. As an example, the
E −R regions corresponding to the ordinary gravitationally formed clusters lie well
above the ER = 1015cm line. The chance that we are within any such cluster are
very small and the relatively dry spells when we are somewhere between them can
last for many years. Conversely we have seen that when we are under the critical
lines the clustering has no effect on DM detection, except for the possible dynamics
of the interactions.
We now proceed with our upward ascent along the critical lines as we enter
the R > L region. Once the size of these relevant critical large clusters considerably
exceeds the detector size, say R > 10L ∼ 10 meters, we loose not only the collinearity
of the recoil events but also the timing information becomes useless as the recoils are
expected to occur roughly uniformly over the cloud traversal time δt ' R/vVirial.
– 9 –
There is still one feature connected with the spectrum of recoil energies which is
of interest. Because the tiny escape velocities from the DM clouds are much smaller
than the velocity of the cloud (the latter being of order vvirial ∼ 300 km/sec), all
the DM particles within any given cloud share the same velocity and move in the
same direction. While the large Xenon detectors supply no directional information,
the measured distribution of recoil energy will be affected. For unclustered DM this
distribution reflects both the initial DM velocity distribution, usually taken to be a
broad shifted Gaussian, and the fraction of energy transmitted to the nuclear recoil
which depends on the mass ratio of the DM and nuclear target and the scattering
angle (whose distribution is determined by the nuclear form factor). Because all DM
particles in the cloud share the same (albeit unknown) velocity/kinetic energy, we
expect the width of the resulting recoil energy distribution to be significantly smaller.
This amusing though not striking feature is common to all the clusters considered.
As we proceed to larger and larger critical clusters, only the times of traversing
the cloud change. These times grow from 3 micro-seconds for R = L = 1 meter
to δt ' 1 year for the largest clouds of size R = 1015 cm with the minimal density
enhancement E = 1 where we have in effect returned to the original unclustered
case. Thus it appears that formation of critical clusters over this very large span of
linear sizes will not enhance the prospect of DM discovery in any one single direct
search experiment.2
4 Clusters generating time correlations between different
experiments
The key observation which we make in this paper is that the above discouraging
conclusion is avoided if we compare the timings of the various events in the different
underground experiments. Of particular interest are the clusters whose size falls in
the range:
R ' (109 − 1013) cm ' (1− 104)R⊕ , (4.1)
with R⊕ the Earth radius. This is shown in green in Fig. 2, with an enhancement
factor E > 100. The Nmin “quota” of scattering events expected to occur during
a year in each of the Ndet terrestrial detectors should then all occur during the
encounter with a single large cluster which simultaneously overlaps all the detectors.
The duration of this encounter
δt ' R/vVirial ' (30− 3× 105) sec , (4.2)
2A possible exception would arise if distributed set-ups were used with say two or more parts
of the detector deployed underground at some distance d L where coincident counts might arise
if R > d. While this is clearly possible for small solid state set-ups such as CDMS, the novel
multi-tone Xenon experiments are much more efficient and cheaper to build and maintain as one
large unit.
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is the length of the common time interval during which all these NdetNmin events
should occur. Using one interaction in one of the detectors as our reference point
in time, the probability P that all other events will occur within (10−6 − 10−2) of a
year near this reference time rather than be uniformly distributed over the year is
P = 10−6(NdetNmin−1) to 10−2(NdetNmin−1) . (4.3)
For Nmin = 6 and just two jointly operating direct DM detectors (Ndet = 2),
P ' (10−66 − 10−22) is incredibly small. The extreme assumption that all DM
is segregated within these clusters is not necessary. If only 1/3 of DM is within the
clusters considered and the rest remaining unclustered (in this case the limits from
the standard analysis still apply), then only NdetNmin/3 events would be expected to
occur within the above time window. This increases the probability for coincidences
to P ' (10−18 − 10−6), which is still very small.3 The common velocity of all the
DM particles in the cluster implies that all the collisions in a single detector-cluster
encounter will have the same maximal cutoff energy, which is another significant
indicator helping beat backgrounds even when the fraction of clustered DM particles
is small. This clearly applies also to the small cluster case above.4
Noises in the widely separated independent experiments are not correlated and
the coincident events will be highly significant. Finding coincidence between the de-
tectors in the INFN Laboratori Nazionali del Gran Sasso, the Jinping Underground
Laboratory and the Sanford Underground Laboratory located in three different con-
tinents requires collaborations between the different teams. Such collaborations
were extremely successful in the multi-messenger investigations of rare astronomi-
cal events, like the recent two neutron star merger seen in gravitational waves and in
the electromagnetic spectra. Since there is no need to alert any of the experimental
groups as they are continuously “observing”, the effort required is minimal. All we
need is to compare, after the completion of experiments which run in parallel, the
recorded times of the handful of “very good” and also of the “just good” events seen
in different detectors.
In the effort to find the ∼ Nmin splendidly isolated, genuine WIMP-nuclei colli-
sion events with optimal signatures in, say, both ionisation and scintillation signals,
the experimental groups often discard many events which are not as clean. Nearby
times of such “background” events in the different detectors would elevate them to
be part of the true signal.
3Enhancing RE by a factor of k > 1 prolongs the running time required to meet a cluster to
k years but causes a k fold increase of the number of interactions expected during the encounter
with the DM cluster, which, in turn, decreases the probability of random coincidence from the P
in Eq. (4.3) to P k.
4Directional information is not available for large clusters where the DM interactions in any
given detector are uniformly distributed over the volume of the detector. Still for Earth size and
somewhat smaller clusters, the time ordering and time separation of the groups of events in different
detectors reflect to some extent on the magnitude and direction of the cluster’s velocity.
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We note that even barring the required minimal collaboration between the strongly
competing experimental groups some preliminary indications of the existence of op-
timal clustering can already be seen by each group separately. These will manifest
by having a subset say two or three of the events occurring with time intervals which
are sufficiently shorter that the O(year) running time. If these time patterns (and
the tendency of the events in these time intervals to have more similar energies than
some random pairs or triplets) are statistically significant, then time intervals which
are longer than 30 sec may correspond to the passage of the optimal clusters which
we focus on. Once some groups find such time clustering they can compare the rel-
evant times, and if these happen to be close then the exciting possibility of a true
DM discovery should be entertained.
5 Cluster stability and formation
So far we have assumed that clusters in the interesting ranges of R and E are stable
and contain an appreciable fraction of all DM particles. Considering the wealth of
structures that can form in existing (and future) DM scenarios, we believe that such
a possibility can be realised. Here we make a few related remarks.
First we note that the gravitational acceleration at the surface of the cluster
gcls =
GNMcls
R2
' 4pi
3
GNρDMER ' 1.5× 10−16cm/sec2 (5.1)
where Mcls is the cluster mass, GN is the gravitational constant, and the escape
velocity vesc = (gclsR)
1/2 ' (4×10−4−4×10−2) cm/sec are tiny and prevent detection
of these clusters via gravitational micro-lensing. The tidal acceleration
atidal =
GNMR
l3
(5.2)
with M the external mass and l its distance, due to the whole galaxy or that expe-
rienced in encounters with individual stars, is smaller than the tiny surface gravity
in Eq. (5.1) of the large optimal clusters with RE ' 1015 cm and therefore will not
rip them apart. The fractional gain in internal energy of a DM particles in a cluster
in any collision with another cluster turns out to be (δv)2/v2esc = v
2
esc/v
2
Virial ∼ 10−20.
For the optimal clusters of interest we have, by the very definition of these special
clusters, that any cluster encounters another cluster about once every year. The 1020
collisions needed to destabilize the cluster then require far more than the galactic
lifetime of ∼ 5 × 109 years. The particular clusters which make it to the Earth
travel a distance of astronomical unit (Au) near the Sun suffering all along a tidal
acceleration
a
(Sun)
tidal '
GNMR
Au3
(5.3)
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with M the solar mass. However, the resulting fractional spreading in the single
near-solar passage lasting a time t = Au/vVirial is δR/R = a
(Sun)
tidal t
2/2R ' 6 × 10−3,
which is negligible.
If the DM in any of the clusters undergoes Nmin ∼ 6 collisions with the Xenon
nuclei in the L = 1 meter size detectors, it can undergo Ncollision ∼ 106 − 107 times
more collisions while traversing the Earth enroute to the detector which is ∼ 2
km underground.5 For the case of a dilute cloud each such collision occurring in the
cylindrical overlaps region of Fig. 3 can kick away the DM particle involved. However,
since the total number of DM particles within this region, which is equal to Ntotal
given by Eq. (2.2), is typically much larger than the number of kicked particles, this
will have a negligible effect. For compact, relatively tightly bound critical blobs/small
grains with the same number of DM particles, we need to compare the total internal
energy W transferred to the grain and the total binding of the grain B = Ntotal,
with Ntotal being the total number of DM particles in the critical grain given in
Eq. (2.2) and  the binding energy inside the grain per DM constituent. With the
energy transferred in each collision being = 1
2
mA,Zv
2
Virial ∼ 10 keV, we have W ∼ 1010
eV for 106 collisions. Hence once  is larger than the tiny value of 10−2 eV we have
B > W and no appreciable disintegration of the blob is expected.
Turning next to the formation issue, we need to verify that at the desired pre-
galactic epoch of redshift z ∼ 100, a region of radius Rclp (here “clp” stands for
“collapse”) containing a DM mass equal to the mass of the “optimal” cluster
Mcls =
4pi
3
R3clpρDM(z = 100) =
4pi
3
ER3ρDM ' (1033 − 1041) GeV (5.4)
can collapse and form the clusters. For this to happen, the DM has to cool enough
between the time of its freeze-out at a temperature of Tfo ∼ mDM/20 with the redshift
zfo and the time when z = 100, so that its final thermal energy ∼ Tfinal is lower than
the gravitational binding energy, i.e.
Tfinal ≤ GNMclsmDM
Rclp
. (5.5)
This condition is similar to that required for the Jeans instability [39]. The cooling
of non-relativistic DM, which we assume to be non-dissipative and not coupled to
dark photons, proceeds as z2. Labelling TCMB as the temperature of the cosmological
5DM particles coming from the upper hemisphere (as viewed from each detector) travel in Earth
at most 160 Km and ∼ 87% of all WIMPs traverse at most √2R along paths which lie mainly in
the mantle of density similar to liquid Xenon but with typically nuclear A values which are only
∼ 1/5 of A ' 130 of Xenon. For the spin-independent interactions of main interest this reduces
the expected number of such collisions by a factor of 25. Also assuming mDM > mXenon the energy
transferred to the DM particle in the grain is only 1/5 of the initial kinetic energy mAv
2
Virial of the
nuclei in the grain’s rest frame of interest here.
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microwave background (CMB), with
zfo
100
=
Tfo
TCMB|z=100 ' (2× 10
11)× µ , (5.6)
the cooling reduces the initial DM temperature of (5 GeV) × µ to TDM|z=100 '
(10−13 eV)× µ−1. The r.h.s. of the collapse criterion above ranges over (3× 10−18 −
3 × 10−13) eV × µ, and the requirement is satisfied for µ ≥ 300 so that mDM ≥ 30
TeV. This value is consistent with the unitarity bound [40] (see also [41]) and also
puts the DM out of the reach of LHC.
While the expansion of the universe causes both photons and non-relativistic
matter momenta to redshift by definition in proportion to 1/z, the kinetic energy
of the latter p2/mDM redshifts much faster, in proportion to 1/z
2. Here we note
that a drastic slowing down is achieved by having the initial DM particles stick
together to form blobs/grains. Thus let us assume that in some early epoch the
temperature in the dark sector T ′ has dropped bellow the typical (nuclear like or
other) binding energy of a DM in a nucleus’ or more generally some dark blob.
Formation of such blobs will then start. Initially it is via χ+χ→ χ2 composites and
later also χn +χm → χn+m will proceed with emitted dark photons, not indicated in
the above, carrying the excess energy. Once most DM is inside blobs, growth of the
blobs naturally stops at some critical number N of elementary χ’s in the blob. These
new blobs of mass M = NmDM will then be the new effective DM. The randomly
directed momenta of the N DM particles constituting the blob add in quadrature
P 2 = p21 + p
2
2 + ...+ p
2
N so that the squared velocity of the blob
v2blob =
(
P
M
)2
=
v2
N
(5.7)
with v the average velocity of the initial DM particles. The much smaller velocity of
the DM blobs helps them form the large clusters/clouds of interest. Also since the
original much lighter DM annihilation freeze out much before the blob/new-heavy-
DM formation described, no conflict with the Greist-Kamionokowski bound on DM
mass [40] is likely to arise.
While this suggests that the formation of the optimal large clusters is not im-
possible, we need far more detailed modeling to show that indeed it does so with
appreciable efficiency. To this end, we need to invoke further non-gravitational at-
tractive short range interactions between the DM particles, helping form the desired
large clusters.
6 Conclusion
In this paper we analyse the possible impact of DM clustering at various scales on
direct DM searches. Our main message is that looking for time correlations of events
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in different large underground detectors searching for DM may be of enormous value.
Such time correlations between events in completely independent experiments located
in different continents cannot be accidental. They do arise if DM clusters on specific
scales ranging in sizes between Earth size to 104 times Earth size, with appropriate
density contrast, if the clusters contain an appreciable fraction of all DM.
Finding such time correlations requires a minimal effort of different experimental
groups. All that needs to be done is simply to compare the times of the “good” and
“moderately good” candidates for WIMP-nuclear scattering seen in the different
detectors. There is no excuse for not doing this before embarking on yet further
huge spending on one much larger detector. The effort involved in the extra analysis
pales in comparison with the huge resource efforts and ingenuity invested in order to
obtain these rare events.
What we are offering here is in effect a “very bright lamp” where DM, an impor-
tant key to understanding the universe, can be readily searched. If it is indeed found
to be there, we will be able to find how this key got there, namely the theoretical
astro-particle community will find compelling scenarios for making the required DM
clusters.
In addition to the above main message we briefly reviewed the case of small
clusters/blobs/grains which leave unique signatures in each of the detectors searching
for DM and the stability of all the clusters considered. We have also commented on
the dramatic slowing down of DM when dark nuclei/blobs/grains form at some early
epoch.
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